In the present study, a computational analysis of the flow in a centrifugal blower is carried out to predict a performance and to explain noise characteristics of the blower. Unsteady, 3D Navier-Stokes equations were solved with k-ε turbulence model using CFX software. CFD results were compared with the experimental data that is acquired from an experiment conducted with the same blower. The pressure fluctuation in the blower was transformed into the frequency domain by Fourier decomposition to find the relationship between flow behaviors and noise characteristics. Sound pressure level (SPL) which is obtained from wall pressure fluctuation at impeller outlet represents relative overall sound level of the blower well. Sound spectra show that there are some specific peak frequencies at each mass flow rate and it can be explained by flow pattern.
Introduction
The centrifugal blower for a fuel cell electric vehicle (FCEV) is known as a significant part of the source of noise because of its very fast rotating speed and high pressure operating condition. It is known that the cause of noise is strongly related with the flow in a blower, that is to say flow-induced noise. There have been some efforts to understand characteristics of the noise of a blower and to reduce it. An experimental study to explain the sound generation mechanisms by wall pressure fluctuations has been existed and the relation of tip clearance noise and rotating instability signals is discussed (Raitor et al. [2008] ). In the field of CFD study, it is well known that large eddy simulation (LES) is more accurate than unsteady Reynolds averaged Navier-Stokes (uRANS) method for predicting features of flow-induced noise (Kim et al. [2010] ). But LES must pay very expansive cost. In this study, an attempt to get reasonable prediction of noise characteristics while using uRANS is made. And these CFD results are compared with experimental data (Jeong et al. [2012] ). Based on an assumption that wall pressure fluctuation is related to the generation of flow-induced noise, wall The blower in this study has 9 main and 9 splitter blades in impeller, and impeller diameter is 140 mm. The impeller rotates at 40,000 rpm at design operating condition and is followed by a short vaneless diffuser due to the blower's size restriction, and subsequent overhung typed volute. Specifications of the test blower arranged in Table 1 .
Research Methods

Numerical Methods
Unsteady, 3D Navier-Stokes equations are solved with k-ε turbulent model using CFX software. The computational domain is comprised of the entire blower components, full passages of impeller and diffuser, and volute which would impose nonaxisymmetric effects. The full domain is shown in Fig. 1 . The total number of nodes is about 2200k (1350k for the impeller, 850k for the diffuser and the volute). The frozen rotor condition is adopted at the interface of the impeller and the diffuser. First, steady simulations were conducted and their results were used as an initial value for unsteady calculation to reduce time for residual convergence. Time step is set as 1.0416e-5 s, which means 8 samplings per one main-splitter pitch. 10 iterations are conducted for one time step. Total pressure and total temperature are given at the inlet boundary and mass flow rate is given at the outlet boundary. Monitoring point is located at the diffuser hub near impeller outlet where pressure sensor is installed in the experiment to measure wall pressure fluctuation. The conditions of numerical simulation are arranged in Table 2 .
Experimental Methods
An experiment on aerodynamic performance and an experiment on noise are carried out simultaneously and a schematic diagram of total experiment system is presented in Fig. 2 . ONDI dTRANS P30 pressure transducer and T-type thermocouple were installed at the inlet duct and the outlet duct to get the data for an aerodynamic performance map. A test chamber for absorbing the exterior sound was built up and then the test blower was installed in the chamber. Figure 3 presents the inside of the test chamber. For acoustic measurement, four MICs were installed at four different locations and they are named according to their own location. A noise measurement solution of 'HEAD acoustics' was used for experiment on noise and MIC signals were used to get the noise level and spectrum data. The test blower was modified to measure wall pressure fluctuations and three kulite XCQ-093 25D pressure transducers were installed at the impeller inlet, impeller outlet and the diffuser outlet. The locations of pressure transducers are presented in Fig. 4 . Wall pressure fluctuations were measured at 60000 Hz sampling rates during 5 seconds.
Validation of CFD results
Aero-dynamic performance
The performance curve of the test blower is presented in Fig.5 . X-axis shows the flow rate normalized by that of design point (Q d ). Y-axis shows ratio of static pressure at the impeller outlet and the volute outlet to total pressure at the blower inlet.
Fig. 2 Schematic diagram of operating and measuring system
CFD result shows a good agreement with experimental result at the impeller outlet. But the results at the volute outlet show a difference, especially at the low flow rate. It is seemingly due to the additional pressure loss at a gap between the cast-iron impeller and diffuser in experiment, which is not reflected in the simulations. However, the noise characteristics of the blower will be discussed later using wall pressure fluctuation at the impeller outlet where its amplitude is large. From this point of view, CFD result at the impeller outlet seems sufficiently valid. experimental results well near design point while at the low flow rate they show some differences. The differences are because there are some discrepancies in characteristics of rotating stall found in the CFD and the experiment at the low flow rate. This will be shown later using spectral analysis. Another reason for the difference is considered partly to be turbulent effect. Figure 7 is a graph of averaged turbulent kinetic energy (TKE) with the flow rate at the diffuser hub where the monitoring point is located. It shows that the turbulent intensity is larger at low flow rate. And it is known that at that region, low frequency broadband noise caused from turbulent effects becomes significant to overall noise level. It will be shown in the later part of discussion. But because uRANS model has some limits in finding very small turbulent components, it can be considered that wall pressure fluctuation predicted by the CFD is underestimated at that region. 
Aero-acoustic Characteristics of the blower
To investigate more detailed features of the noise, spectral analysis is conducted at the each operating point (a)1. 
(a) 1.0Q d
A-weighted spectral analyses of wall pressure fluctuation at the impeller outlet at the design point are presented in Fig. 8 . It shows that BPF is dominant component and that sound pressure level increases as frequency decreases, and it has the same trend with the experimental result. But harmonic components of BPF appear largely in the CFD while those are not seen in the result of experiment. In the experiment, rotating speed is not exactly the same for every rotation due to the limitation of experimental equipment and there are other influences such as vibration, so it is difficult to guarantee the sameness of every rotation of the blower while it is assured in the CFD. There is distinct periodicity of wall pressure fluctuation in the CFD result but there is not in experimental result (Fig. 9) . For this reason, there are discrepancies of magnitude of harmonic components of BPF between the Contours between 0~1τ show that the distribution of radial velocity moves along the blade rotation. So, similar shapes of contour appear at an interval of τ. It is the phenomenon that makes noise component of BPF and its harmonics.
(b) 0.85Q d
At operating point (b) 0.85Q d , the tonal noise decreases and the noise components of around 2~4 kHz are large (Fig. 12 ). These features appear in both CFD and experiment alike. At this operating point, separation begins to occur at the suction surface of the impeller blade around the trailing edge and non-uniform flow is established along the circumferential direction (Fig. 13) . These separations do not rotate being attached to certain blades, but they appear and disappear repeatedly at certain fixed locations on circumference with about 4τ period. The non-uniform flow continues to the impeller outlet as shown in Fig. 14. Like the result at the design point, similar shapes of contour appear at an interval of τ, but the intensity of radial velocity at the monitoring point varies with time even though the blades are on the same position. This variation repeats approximately every 4τ, which means time for rotation of 2 passages, and it makes noise components of 2~4 kHz. The noise components at this frequency region are considered to partly contribute to increasing noise level at the operating point. 
(c) 0.65Q d
At operating point (c) 0.65Q d , the tonal noise decreases more and the noise components of around 2~4 kHz also decrease (Fig.15) . The separation regions expand to overall main and splitter blades and rotate attached to the blades (Fig. 16) . In Fig. 17 although there are variations of radial velocity at the impeller outlet with period of 1τ, the difference of velocity in a cycle is not large and almost uniformly distributed flow along circumference is observed. So the components of 2~4kHz and the tonal noise decrease and overall noise level also decreases at this point
(d) 0.45Q d
As mentioned before, it can be realized that at the low flow rate, (d) 0.45Q d , low frequency broad band noise is large and it also appears in the CFD result in the way that there are less intensive peaks and more broadly distributed frequency components (Fig. 18) . However, the frequencies of specific peaks of the CFD and the experimental results around low frequencies are different from each other. The spectrum of the experiment has a specific peak of 612Hz which is lower than rotational frequency of 666Hz and it is a typical feature of fast rotating stall. But the CFD result shows a peak at 3,000Hz. To explain this difference, flow behaviors in the blower are investigated. The separation regions cover most passage in the impeller and rotate with the rotating blades (Fig. 19) . The distribution of radial velocity at the impeller out at this operating point is quite different from other operating point's (Fig. 20) . Back flow appears at the shroud and the hub alternately, and it moves slower than 1 τ period. Figure 21 is a contour of the back flow region at the diffuser hub. There are 9 backflow cells and the cells rotate as the blades rotate but move slower than the blades do. The rotating speed of a cell is about half of that of the blade and its relevant frequency is 333Hz. 9 backflow cells make noise components of around 3000 Hz passing a monitoring point. CFD predicts the rotating stall at low flow rate likewise in the experiment, but its features are not the same as the experimental result.
Conclusion
In this study, numerical investigation of a centrifugal blower is conducted to understand the characteristics of noise of the blower. CFD results are compared with the experimental data. By measuring wall pressure fluctuations at the impeller outlet relative noise level is predicted. Spectral analysis and a probe into related flow behaviors are used to find some characteristics of noise at each operating point. At the design point, (a) 1.0Q d , BPF and its harmonic components are the main sources of noise. As the flow rate decreases (b) 0.85Q d , periodic separations begin to occur at certain locations of the impeller blade and non-uniformity increases in the circumferential direction. As a result, noise components of 2~4 kHz increase and they lead to rise in overall noise. At operating point (c) 0.65Q d , the separations in the impeller grow to overall blades and more uniform flow along circumference is established at the impeller outlet. So the tonal noise and 2~3 kHz components decrease. At low flow rate (d) 0.45Q d , the low frequency broadband noise that has no specific frequency covers other tonal noise. The rotating stall at the impeller out and its related noise frequency are found. Although there are some differences in the frequency between the CFD and the experimental results, the phenomenon itself can be found in both results.
In conclusion, this study shows that relative noise level and noise characteristics of the centrifugal blower can be predicted reasonably by CFD using RANS model. In addition, if the causative factors in making the flow behaviors mentioned above can be found in the next study, they can be used as indicators for designing less noise-blower. 
